Wine is an amazingly complex natural product that requires dedicated scientists to resolve many of its mysteries. Traditional synthetic organic chemistry and modern analytical techniques are powerful tools at the disposal of wine chemists who tackle the complexities of wine in order to improve scientific understanding and provide practical solutions to industry. Part of this quest for knowledge relates to maintaining or improving wine quality, which underpins consumer acceptance and links to the competitiveness of wineries in a global market. Wine aroma is an important aspect of wine quality and garners much attention from researchers. Grape-derived aroma compounds are one area of particular importance owing to their distinctiveness and ability to impart 'varietal aromas' to wines. Varietal thiols imparting tropical and citrus notes that are characteristic of wines such as Sauvignon Blanc have emerged, along with their grape-derived precursors, as an area of interest over the past two decades. These compounds have also caught our attention and we have made some important contributions to this field, including identifying new precursors, developing novel analytical methods, and conducting studies that provide unique insights into the biochemical transformations occurring in grape berries and juice, and during fermentation.
Introduction
Wine is a fascinating natural product containing a multitude of chemical constituents. [1] Apart from water and ethanol, components include sugars, higher alcohols and other volatiles (e.g. esters, acids, carbonyls, phenols, heterocycles), proteins, pigments, amino acids, phenolics, minerals, organic acids, and much more. Although none of these components are unique to wine, it is their particular combinations and concentrations that produce the sensory properties (aroma, flavour, colour, mouthfeel, etc.) that we perceive in the myriad styles of wine available.
The origins of the various wine constituents add to the complexity of wine, with many factors and decisions influencing the composition of the final product. That is, different grape varieties and fermentation and aging processes (influenced by both chemical and microbiological transformations) all have a bearing on wine style and sensory properties [2] and, in turn, wine quality and consumer appeal. [3] Wine aroma is one of the main determinants of wine quality, with odorants described as primary (grape), secondary (fermentation), and tertiary (ageing and storage) based on their origins. The aroma of a wine is thus an expression of the combination of different volatile components of varied origins that are affected by a range of inputs, starting with grape berry development, continuing through the winemaking process, and evolving over time in the bottle. Studying these intricate natural phenomena provides important scientific understanding that leads to innovations and helps drive quality improvements.
Varietal Wine Aromas
Despite there being over 1000 volatile compounds in wine (and likely many more) at concentrations spanning several orders of magnitude, [4] the aroma of wine (and foods more generally) can be recreated with a much smaller number of key odour-active components. [5] Especially important to this concept are odorants that impart a distinct effect as a result of being present at suprathreshold concentrations (defined in terms of odour activity value, OAV ¼ concentration/aroma detection threshold, with OAV . 1) and compounds having characteristic aroma qualities that may define a particular varietal wine. Based on aroma detection thresholds (which differ depending on the matrix, such as neutral white or red wine, or hydroalcoholic model solution), an impact odorant may reach OAV . 1 either because it is present at a high concentration and surpasses a high aroma detection threshold, or because it is found at trace levels and has a very low detection threshold. The latter is often the case for potent varietal (primary) aroma compounds that are also characteristic of certain grape varieties, such as 3-isobutyl-2-methoxypyrazine (IBMP) in Cabernet Sauvignon wines, rotundone in Shiraz wines, and the so-called varietal thiols 3-sulfanyl-1-hexanol (3SH), its O-acetate 3-sulfanylhexyl acetate (3SHA), and 4-methyl-4-sulfanyl-2-pentanone (4MSP) (along with IBMP) in Sauvignon Blanc wines (Table 1) . Note the presence of a chiral centre in 3SH and 3SHA leads to enantiomers, which are studied far less but have been reported to possess slightly different aroma qualities and detection thresholds. [6] The low abundances and array of chemistries (e.g. pyrazine, bicyclic sesquiterpenoid, polyfunctional thiol) of such compounds pose particular analytical challenges, but these can be addressed with a combination of organic synthesis and analytical approaches as discussed later.
Interestingly, whereas some grape-derived aroma compounds exist in grape berries as free volatiles that can be extracted into wine unchanged (e.g. rotundone, IBMP), others such as varietal thiols are present in non-volatile precursor forms that require liberation through yeast enzyme activity during fermentation. Owing to their major impact on varietal characters of Sauvignon Blanc, among other grape varieties, the varietal thiols 3SH, 3SHA, and 4MSP and their precursors have garnered a good deal of attention from grape and wine researchers over the past two decades, [7] including contributions from the present author and his colleagues.
Identification of Varietal Thiol Precursors in Grapes
Varietal thiols are essentially absent from grapes, although we have shown the presence of low concentrations (,100 ng L À1 ) of 3SH in ripening grapes berries. [13] Instead, the characteristic passionfruit, grapefruit, and box-tree (cat urine) aromas of Sauvignon Blanc are expressed as a result of fermentation, which prompted the initial investigation of this phenomenon. Nonvolatile glycosidic aroma precursors in grapes that lead to odorants in wine (e.g. monoterpenoids such as linalool and geraniol; C 13 -norisoprenoids such as b-damascenone) were identified in the 1980s [14] but it took almost another two decades before the presence of L-cysteine (Cys) and L-glutathione (GSH) conjugates of 3SH and 4MSP was determined in Sauvignon Blanc grapes (Fig. 1) .
[15] These conjugates constituted a new type of flavour precursor, leading to an array of activity aimed at understanding how they are formed and their influence on wine aroma. Notably, no conjugated forms of 3SHA have been identified in grape berries; instead, 3SHA arises from 3SH during fermentation under the action of yeast alcohol acetyltransferase, Atf1p. [16] Thiol conjugates were investigated in a range of studies in the ensuing years to examine aspects such as their prevalence and localisation in grape berries, and transformation during fermentation. [17] In 2009, we identified the GSH conjugate of 4MSP ( Fig. 1) , which was hypothesised to be present based on knowledge of GSH detoxification pathways (i.e. conjugation and deactivation of electrophiles with nucleophilic GSH) and on the existence of the related cysteine conjugate Cys-4MSP, as well as the presence of both GSH-and Cys-3SH. [18] Highlighting the natural synergy of organic synthesis and analytical [8] Cabernet Sauvignon, 5-30 ng L À1 (0.8-5) [8] Sauvignon Blanc, 5-35 ng L À1 (0.8-6) [9] (-)-Rotundone O Black pepper 16 ng L À1 in a red wine [10] Shiraz, 7-161 ng L À1 (0.4-10) [11] 3-Sulfanyl-1-hexanol (3SH)
60 ng L À1 in model solution [12] Sauvignon Blanc, 1530-7080 ng L À1 (25-118) [9] 3-Sulfanylhexyl acetate (3SHA)
4 ng L À1 in model solution [12] Sauvignon Blanc, 29-516 ng L À1 (7-129) [9] 4-Methyl-4-sulfanyl-2-pentanone (4MSP)
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Box tree, broom 0.8 ng L À1 in model solution [12] Sauvignon Blanc, 6-19 ng L À1 (8-24) [9] chemistry in our work, chemical synthesis was used to produce authentic GSH-4MSP in a Michael addition between GSH and mesityl oxide (Scheme 1a). The authentic compound was purified and characterised, and used to confirm the identity of GSH-4MSP in a grape juice extract (obtained by low-pressure C18 chromatography) with HPLC-tandem mass spectrometry (MS/MS) and co-injection experiments. The identification of GSH-4MSP resolved one issue, but there were still missing pieces of the puzzle in terms of GSH-3SH formation and conversion to Cys-3MH in grape berries. The tripeptide GSH (and its conjugates) is naturally broken down to Cys (and corresponding conjugates) in biological systems, proceeding via L-cysteinylglycine (Cysgly) or g-glutamylcysteine as dipeptide intermediates. Plants may utilise either of these pathways and the predominant enzymatic degradation routes remain to be determined.
[19] However, mass spectral evidence for formation of Cysgly-3SH on exogenous enzyme treatment of a Sauvignon Blanc juice [15b] led to the proposition that Cysgly-3SH should be present in grape juices (and/or during fermentation), although its existence had not been formally identified in grapes. In 2011, we had undertaken a study on the effect of grape transportation on precursors (described later) and the elevated concentrations of GSHand Cys-3SH in that work piqued our interest in identifying Cysgly-3SH. [20] Rather than undertaking a synthesis from the constituent amino acids, the authentic compound was derived by treating GSH-3SH (already on hand) with crude g-glutamyltranspeptidase (GGT) (Scheme 1b), the enzyme responsible for transferring g-glutamate to an acceptor amino acid in the formation of Cysgly from GSH. Reaction conditions were assessed to optimise the yield of Cysgly-3SH (10 equivalents of histidine as acceptor amino acid, 24-h incubation time) and the product was purified and fully characterised. As with the identification of GSH-4MSP, HPLC-MS/MS was used along with co-injection experiments of the authentic compound to verify the presence of Cysgly-3SH in Sauvignon Blanc grape juice. This provided a link between GSH-and Cys-3SH, with the apparent lack of accumulation of Cysgly-3SH helping to explain why its presence had not been verified before. However, this work did not probe the alternative pathway for GSH-3SH degradation via the g-glutamylcysteine conjugate as a result of vacuolar carboxypeptidases or cytosolic phytochelatin synthases, [19] and these aspects require further study.
Analysis of Diastereomeric Precursors of 3SH in Grape Juice and Wine
To begin exploring the effects of grape processing and winemaking, and to link precursor concentrations in juice with varietal thiols in wine, in 2010, we developed a stable isotope dilution analysis (SIDA) method to analyse the diastereomers of Cys-and GSH-3MH using HPLC-MS/MS with multiple reaction monitoring (MRM). [21] Previous methods examined only the Cys conjugate, often by gas chromatography (GC)-MS after derivatisation, and usually without resolving the diastereomers. HPLC with electrospray-ionisation MS was deemed more suitable for the analysis of these non-volatile, water-soluble conjugates, and deuterated internal standards (obtained through synthesis) were employed for reliable quantitation by SIDA (a common theme throughout the present paper). All parameters were optimised and the method was validated for analytes isolated from grape juice or wine by solid-phase extraction (SPE).
The 3SH precursor diastereomer profile was evaluated for a range of grape varieties, providing the first comprehensive assessment of both 3SH precursors in juice (Table 2) and wine (to a lesser extent). This work revealed the predominance of GSH-3SH over its Cys-3SH counterpart and the prevalence of the (S)-diastereomer (referring to the alkyl chain stereocentre), especially for the GSH conjugate. The presence of sizable quantities of precursors in varieties other than Sauvignon Blanc was also identified, as well as the existence of precursors in bottled commercial wines. These results provided the basis for further studies and also pointed to a relationship between GSH diastereomer ratios and grape variety, as well as indicating the potential stereospecific formation of GSH-3SH in grape berries. In addition, on identifying Cysgly-3SH (described earlier), this analyte was included in the precursor method and validated using deuterated Cys-3SH as internal standard. [20] 
Conversion of 3SH Precursors During FermentationStereochemical Outcomes
Around the same time as developing the precursor analytical method, model fermentation studies were conducted with a pure diastereomer of GSH-3SH, prepared as shown in Scheme 2, and subsequently determined to be the (R)-configuration. [22] That paper also reported the synthesis and full characterisation of a range of thiol conjugates and their deuterated analogues required as internal standards for HPLC-MS/MS analysis. Moreover, the study showed that fermentation of a single diastereomer of GSH-3SH yielded not only the related Cys-3SH diastereomer (ascertained by HPLC-MS/MS and verified separately using enzymatic degradation with GGT), but also (R)-3SH as a single enantiomer (determined by chiral GC-MS analysis). This work revealed for the first time that fermentation of a GSH conjugate could release the corresponding varietal thiol, as well as highlighting the relationship between precursor and free thiol stereochemistry, and the ability of yeast to degrade GSH-3SH into Cys-3SH. Furthermore, based on conversion yields, it appeared that Cys-3SH was more easily utilised by yeast in the release of 3SH [23] -a substantially lower conversion efficiency for GSH-3SH has since been shown [24] due to the need for yeast to first convert the GSH precursor to its Cys counterpart. [25] 
3SH Precursor Formation and Degradation
With reference to GSH detoxification pathways mentioned earlier, the formation of GSH-conjugated thiol precursors appears to be a natural response by grapevines for dealing with oxidative stress or berry damage. Breakdown of the GSH conjugates then leads to Cysgly intermediates and ultimately to Cys conjugates. Although the pathway to formation of mesityl oxide is unclear, (E)-2-hexenal is formed from linolenic acid owing to oxidative stress or berry damage via the lipoxygenasehydroperoxide lyase (LOX/HPL) pathway, [26] whereas GSH is a natural antioxidant (and nucleophile) present in grapes. [27] It seemed obvious that these two components are necessary to form GSH-3SH and it is expected that glutathione S-transferases (GSTs) play a role in the conjugation. [27, 28] However, the first step in the conjugation of (E)-2-hexenal should lead to an aldehyde, not the primary alcohol present in GSH-3SH -this fact was seemingly ignored in the literature regarding varietal thiol precursors.
In 2011, we set about deciphering aspects of conjugation of GSH to (E)-2-hexenal by conducting experiments with deuterated (E)-2-hexenal as well as by inhibiting enzymatic reactions, and evaluating the results with HPLC-MS/MS. [27] Enzyme inhibition involved freezing whole grape bunches in liquid nitrogen and grinding them to a fine powder before adding methanol/chloroform (2 : 1 v/v). The aqueous layer was recovered and an aliquot was prepared for precursor analysis, revealing that whereas Cys-3SH concentration was relatively unaffected, there was a dramatic decrease in GSH-3SH concentration. This suggested that GSH-3SH could be formed during processing as a result of berry damage, and pointed to the role of enzymatic conjugation. We proposed that Cys-3SH, as a breakdown product of GSH-3SH, was extracted from the grape berries and mostly unaffected by the processing step (i.e. grape crushing) whereas most of the GSH-3SH found in grape juice arose as a result of processing (i.e. on harvest or through post-harvest operations). In addition, crushing grape berries in the presence of d 8 -(E)-2-hexenal (synthesised from d 10 -1-butanol) led to formation of the labelled, conjugated aldehyde (i.e. d 8 -GSH-3SHal) whose natural (unlabelled) analogue had so far been ignored. Analysis by HPLC-MS/MS identified both labelled GSH-3SHal and the usual precursor, GSH-3SH (as the d 8 -isotopologue), whose presence can be explained on the basis of aldehyde reduction due to enzymes belonging to the alcohol dehydrogenase (ADH) or aldo-keto reductase (AKR) families. [27] Separately, we revealed the impact of sample preparation method on precursor concentrations, and showed that freezing grape juice did not significantly influence the results, but freezing whole grape berries led to a drastic increase in GSH-3SH concentrations. [13] This outcome reinforced the notion that berry damage (as a result of freezing in this case) leads to post-harvest GSH-3SH formation, and in a practical sense, showed that freezing juice for later precursor analysis was much preferred over freezing grapes.
These results, in conjunction with our work identifying Cysgly-3SH and relating GSH-3SH to free thiol 3SH, and the processing studies described later, provide a more complete story for GSH-3SH formation and degradation in grape berries and during fermentation (Scheme 3). It remains to be clarified how the diastereomeric ratio of GSH-3SH precursors eventuates, and the extent of chemical versus enzymatic conjugation needs to be assessed -these factors may well be linked.
Considering that Cys-3SH is more efficiently utilised by yeast whereas the major precursor in grape juices is GSH-3SH, the degradation of GSH-3SH into Cys-3SH has important implications for maximising the yield of varietal thiols during fermentation. We undertook several studies to investigate the effects of grape ripening (including an assessment of different Sauvignon Blanc clones) and the impact of processing operations, consisting of a comparison of hand and mechanical harvesting, and evaluation of the effects of transporting (included treatments with antioxidants SO 2 and ascorbic acid) or storing (included analysis of GSH and C 6 compounds) mechanically harvested Sauvignon Blanc grapes. [13, 20, 23, 27, 28] A summary of results and explanations of the findings appear in Table 3 .
Analysis of Varietal Thiols in Juice and Wine
Measurement of varietal thiols complements the precursor studies and provides a link between grape berry constituents and wine aroma outcomes. Ideally, it would be useful to predict wine thiol concentrations by measuring precursors in juice. The analysis of varietal thiols is complicated by their extremely low abundance (in the nanogram per litre range, Table 1 ) and the reactivity of sulfur (e.g. potential for oxidation and binding to surfaces). [13, 29] Several GC-MS methods were available but they were not overly attractive owing to requiring the use of mercury complexes or elaborate procedures for thiol isolation, or less common instrumentation having chemical ionisation functionality. [7] Aiming to avoid some of these drawbacks, in 2011, we developed a method for 3SH to be able to relate our precursor results to winemaking outcomes. [13] We chose thiol derivatisation with pentafluorobenzyl bromide (PFBBr), already in use in several other studies, and optimised a SIDA method for a common benchtop GC-MS with electron ionisation (EI), using d 10 -3SH as internal standard. The procedure involved spiking wine with internal standard, adding EDTA (to prevent thiol oxidation) and NaCl, extracting with pentane, washing extracts with bicarbonate solution (to remove interferences), back-extracting 3SH into cold sodium hydroxide solution (exploiting the pK a of thiols), and in situ derivatisation with PFBBr before neutralisation with tartaric acid and headspace analysis using solid-phase microextraction (SPME).
Each step was fully optimised and the method, which can be used to quantify 3SH at 40 ng L À1 (i.e. below its aroma detection threshold), was used to survey a range of commercial wines. Precursor analysis of commercial wines and juices was also undertaken using our HPLC-MS/MS method. Again, the presence of precursors in bottled wine was demonstrated, which may have implications for in-mouth flavour release as a result of oral microflora. [30] The fate of these precursors in the bottle is also worthy of follow-up studies to determine whether they constitute a latent source of varietal thiols. Significantly, this study was the first to attempt to link 3SH precursors in juice to 3SH concentrations in the corresponding wine on a commercial scale, using Chardonnay, Pinot Gris, Sauvignon Blanc, and Riesling juices (Table 4) . Precursor concentrations tended to be lower after fermentation but there was apparently no relationship between precursor concentrations in juice and 3SH content in the wines on a molar basis, after accounting for remaining precursors in the wines. On reflection, this was not too surprising given the commercial nature of the samples and the variability that entails. Recent work by others has examined the lability of thiol precursors in an attempt to account for their decrease during fermentation, but apart from releasing varietal thiols, alternative fates of the precursors were unresolved. [31] The lack of correlation between free thiols and precursors has since been verified by others [32] and highlights the need for more understanding about varietal thiol biogenesis in wines. Although grape-derived precursors are certainly a source of varietal thiols in wine, a lack of correlation may come down to several factors, such as not accounting for thiol losses as a result of volatilisation or adsorption during fermentation, or not currently measuring all precursor forms. For instance, the existence of GSH-3SHal (see Scheme 3) that we proposed with our studies using d 8 -(E)-2-hexenal has since been verified, along with its bisulfite adduct GSH-3SH-SO 3 (bisulfite is used as an antioxidant during winemaking) (Fig. 2) ; these compounds can be converted to 3SH during fermentation (requiring liberation of the aldehyde and enzymatic carbonyl reduction by yeast), albeit in low yield. [33] In addition, sulfonic acid derivatives of (E)-2-hexenal and mesityl oxide have recently been synthesised as proposed Bisulfite adducts of (a,b-unsaturated) carbonyls that act as prospective precursors to 3SH or 4MSP. Liberation of 3SH during fermentation has been shown for the GSH conjugate (via reversion to GSH-3SHal and enzymatic carbonyl reduction to yield the primary alcohol) but not for the adducts of (E)-2-hexenal or mesityl oxide. alternative precursors to 3SH and 4MSP [34] (Fig. 2) . Formation of free thiols would likely require enzymatic reduction of the sulfonate but fermentation studies confirming this have not been reported as yet. Incidentally, H 2 S produced as a by-product of fermentation via enzymatic reduction of sulfite can potentially combine with (E)-2-hexenal or mesityl oxide to produce varietal thiols 3SH (after aldehyde reduction by yeast) and 4MSP more directly, although this appears to be a minor pathway. [35] Despite our GC-MS method serving its purpose at the time, we were not satisfied with only being able to measure 3SH and continued to evaluate other options. Ideas revolved around derivatisation and analysis by HPLC-MS/MS, and some consideration was given to Ellman's reagent (5, 5 0 -dithiobis (2-nitrobenzoic acid), DTNB), which has been used to spectrophotometrically assess biological thiols such as Cys and GSH by monitoring Ellman's anion at 412 nm (Scheme 4). It has also been employed to evaluate the concentration of varietal thiol stock solutions but its optimum pH is ,7-8, which is far from wine pH at 3-4. In 2015, we identified 4,4 0 -dithiodipyridine (DTDP) as a suitable alternative to DTNB that was much more compatible with the pH of wine (Scheme 4). However, rather than determine thiol concentrations spectrophotometrically (trace levels of varietal thiols would be swamped by other thiols present), we used it in conjunction with HPLC-MS/MS analysis. [29] We optimised the full procedure, which involved spiking wine with labelled internal standards (another SIDA method), adding EDTA, 50 % acetaldehyde solution, and DTDP reagent, isolating derivatives by SPE, and analysing them by HPLC-MS/ MS with MRM. Acetaldehyde was added to bind bisulfite, which we found would otherwise consume all of the derivatising reagent and lead to poor detection of varietal thiols. This method was not only developed for 3SH, 3SHA, and 4MSP, but also for two other highly potent wine aroma compounds, benzenemethanethiol (smoky) and 2-furanmethanethiol (roasted coffee), derived from wine aging and oak storage. This required the synthesis of labelled analogues of the two additional analytes. Our new method performed as well as the most advanced method available for measuring these five thiols (derivatisation and analysis with negative chemical ionisation GC-MS), [36] but was far less convoluted in its sample preparation. Although the ultimate dream would be to take wine, add labelled standard and derivatising agent, and then analyse directly by HPLC-MS/MSan approach that could work for 3SH given its greater abundancewe are more than satisfied with what we have been able to develop and it is now used routinely for our studies on varietal thiols.
Conclusion
Wine is an amazing natural product and understanding its complexity is a serious undertaking. Synthetic organic chemistry and modern analytical techniques are powerful tools for wine chemists who aim to unravel the complexities of wine to improve scientific knowledge and provide practical solutions to winemakers. Varietal thiols and precursors have emerged as an area of interest over the past two decades and we have made some important contributions in this field. These include identifying new precursors, developing novel analytical methods, and conducting studies to provide unique insight into the biochemical transformations occurring in grape berries and juice, and during fermentation.
Although the present work has addressed many questions, new ones have arisen that remain unanswered. One aspect is the notion of post-harvest flavour modification in relation to grapederived constituents, which we have observed for varietal thiol precursors but the concept may extend further. Other studies can be envisaged that address the stereoisomeric distribution of precursors and free thiols, and tease apart the role of biotic and abiotic formation of precursors. In addition, continued research is needed to identify other precursors or routes to thiol biogenesis that more fully account for free thiols in wine. Finally, the methods we have developed are simply the tools we require -it is the application of analytical methods that will lead to ground-breaking outcomes, whether that is in the development of new yeast strains, for example, or in the optimisation of grape-growing and winemaking practises. 
